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Interface widely exists in carbon nanotube (CNT) assembly materials, taking place at different length scales.
It determines severely the mechanical properties of these assembly materials. Here I assess the mechanical
properties of individual CNTs and CNT bundles, the inter-layer or inter-shell mechanics in multi-walled CNTs,
the shear properties between adjacent CNTs, and the assembly-dependent mechanical and multifunctional
properties of macroscopic CNT fibers and films.
I. INTRODUCTION
Carbon nanotubes (CNTs) are hollow cylinders con-
sisting of single or multiple sheets of graphite (graphene)
wrapped into a cylinder. After the first observation in
1991 by Iijima,1 extensive work has been carried out to
CNTs towards their broad mechanical, electronic, ther-
mal, and optical applications.2,3 The fundamental me-
chanical properties, such as their stiffness, strength, and
deformability, have been investigated with extensive the-
oretical and experimental researches, and been well re-
viewed, in the past two decades.4–8 Nowadays, for indus-
trial and engineering applications, CNTs have been as-
sembled into macroscopic materials such as fibers, films,
forests, and gels.9–15 Due to the assembly feature of these
materials, the interfacial structure between CNTs always
plays a crucial role in determining the tensile or com-
pressive behavior, dynamic response, and coupling phe-
nomenon between multiple physical properties that take
place at the interfaces. Therefore, the utilization effi-
ciency of the mechanical property from individual CNTs
to their assembly is a sophisticated function of the as-
sembly structure and types of interfacial interactions.
Here I will review the mechanics of individual CNTs,
discuss the sliding friction between CNTs, and report
our recent progresses on the fabrication technique and
mechanical properties of macroscopic CNT assembly ma-
terials. The general features of the assembly design and
interface design will be illustrated from the perspective
of interface engineering. This paper is organized as fol-
lows. Section II contains a brief description of the me-
chanical properties of individual CNTs, in terms of mod-
ulus, strength, compressibility, and deformability. Sec-
tion III describes the inter-layer (inter-shell) sliding of
multi-walled CNTs (MWCNTs) and intertube friction
between adjacent CNTs, and the strategies to enhance
the interfacial frictions. Section IV discusses the recent
investigations on the interfacial mechanics in macroscopic
CNT assembly materials, especially CNT fibers and films
where the CNTs are highly aligned or highly entangled.
Finally, the paper concludes with a brief summary and
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gives an outlook on future developments in the field.
II. MECHANICAL PROPERTIES OF CARBON
NANOTUBES
A. Young’s modulus and tensile strength
The basic mechanical properties of CNT are strongly
related to the basic properties of a graphene sheet. In
these materials, carbon atoms are covalently bonded with
three nearest carbon atoms in a hexagonal lattice by
forming three σ bonds in the sheet plane and one de-
localized pi-bond over the basal plane. As the sp2 σ bond
is shorter and stronger even than the sp3 bond in dia-
mond, the axial elastic modulus of CNT and graphene
is super high, as expected to be up to several TPa.6,7
The first experimental study on the modulus was based
on the analysis of thermal vibration of MWCNTs, which
showed a wide range of 0.4–4.15 TPa.16 Later, the mod-
ulus was also estimated by the compressive response
using micro Raman spectroscopy and was 2.8–3.6 TPa
for single-walled CNTs (SWCNTs) and 1.7–2.4 GPa for
MWCNTs.17 Direct tensile tests showed the modulus
ranged from 270 to 950 GPa for individual MWCNTs,18
and from 320 to 1470 GPa when several SWCNTs bun-
dled together as a CNT rope.19 Besides the experimen-
tal evaluations, theoretical estimations also show the
similar results. For example, By using an empirical
Keating Hamiltonian with parameters determined from
first principles, a modulus ranging from 1.5 to 5.0 TPa
was estimated.20 A molecular dynamics (MD) approach
showed a modulus of ∼1 TPa and a shear modulus of
∼0.5 TPa and predicted that chirality, radius and num-
ber of walls have little effect on the value of Young’s
modulus.21
Different from the modulus estimation, measuring the
tensile strength of CNTs is a very challenging task.
Compared with experiment, it is easier to compute the
strength by considering the effects of defects,22,23 loading
rate, temperature,24 and number of walls.25 Typically,
the fraction of CNT involves bond breakage and/or rota-
tion, usually resulting in the formation of specific types
of dislocation, such as the pentagon-heptagon (5-7), (5-7-
7-5), (5-7-5-8-5) defects.26 MD simulations showed that
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2FIG. 1. (a) A strong dependence on the inflection point
in the inter-atomic potential can be seen from the stress-
stain curves for a (20,0) CNT, and a missing atom has
also a significant effect on strength, reducing it by about
25%.22 Experiment measurement on MWCNTs are provided
for comparison.18 (b) Eight stress-strain curves obtained from
the tensile-loading experiments on SWCNT ropes.19
CNT under tension behaves as a brittle material at high
strain (15%) and low temperature (1300 K), or as a duc-
tile material at low strain (3%) and high temperature
(3000 K).26–28 Such tensile behaviors depend on the evo-
lution of the dislocation. For example, the (5-7-7-5) dis-
location can either separate into two (5-7) pairs to re-
sult in a ductile transformation or involve into a crack
to result in a brittle fracture. An alternative pathway
for the fracture of CNT was also proposed by the direct
bond-breaking through the formation of a series of vir-
tual defects at high tensions.23 These studies were usu-
ally based on the consideration of the formation energy
for the dislocations. However, another MD study showed
that the fracture behavior is almost independent of the
separation energy and to depend primarily on the inflec-
tion point in the inter-atomic potential.22 The fracture
strength should be moderately dependent on tube chiral-
ity, and the strength and fracture strain were estimated
to be 93.5–112 GPa and 15.8–18.7%, respectively. Figure
1a shows two different stress-strain curves for a (20,0)
CNT, where the modified Morse potentials with inter-
atomic force peaks at 19% and 13% strain were used. To
show the effect of structural defect, a result for a miss-
ing atom is provided where the strength was reduced by
about 25%.
The tensile strength and the fracture of CNT were also
measured directly with experiment.18,19 The measure-
ment of 19 MWCNTs showed a strength of 11–63 GPa
and a strain at break up to 12%.18 The failure of MWC-
NTs was described in term of the “sword-in-sheath” type
fracture, where the outermost shell broke first followed by
the pull out of the rest of the shells from the outermost
shell. When SWCNTs were bundled to be a rope, the
tensile strength was measured to be 13–52 GPa, based
on 15 measurements, and the strain at break was up to
5.3%, see Figure 1b.19 The stretchability of CNT was also
experimentally obtained by deforming freely suspended
SWCNT ropes, where the maximum strain was up to
5.8±0.9%.29 By measuring the stress-induced fragmenta-
tion of MWCNTs in a polymer matrix, the tube strength
was up to 55 GPa.30 Another pulling and bending tests
FIG. 2. The strain energy (a) displays four singularities cor-
responding to shape changes (b-e) with increasing the axial
compression.53
on individual CNTs in-situ in a transition electron mi-
croscope (TEM) showed a tensile strength of ∼150 GPa,
suggesting that the strength is a large fraction of the
elastic modulus.31
B. Compressibility and deformability
Different from the high rigidity and high strength along
the axial direction, CNT is relatively compressible and
deformable in the transverse direction. When individual
SWCNTs are bundled together, significant deformation
could occur by van der Waals (vdW) interaction between
the adjacent tubes.32 Fully collapsed MWCNTs were
first observed with TEM.33 Large diameter CNTs could
also form the partial and full collapse on substrate.34–36
The structural deformation can be induced by apply-
ing pressure. Various experiments on SWCNT bundles
have shown clear evidence of structural deformation or
transition.37–42 MD simulations revealed that the com-
pressibility and deformability are dependent on the tube
diameter and the number of walls.43 By applying a cer-
tain high pressure, there could be a circular-to-elliptical
shape transition of the tube’s cross section for either in-
dividual CNTs or their bundles.44–51 These structural
deformations are all reversible upon unloading the pres-
sure. In a different way, a very large force exerted on
CNT could still produce reversible and elastic deforma-
tion, and that radial mechanical forces might not be ca-
pable of cutting a CNT.43 By examining the ballistic im-
pact and bouncing-back processes, large diameter CNTs
could withstand high bullet speeds.52
Upon compressing, bending, or twisting, structural de-
3FIG. 3. TEM images showing a suspended, fully collapsed
and twisted MWCNT (a), and a freestanding, fully collapsed
and twisted MWCNT (b), on a lacy carbon TEM grid.7,54
formations of CNT become more complicated. With an
increasing compression stress, different buckling patterns
in CNT at the point of instabilities can be created.53 As
shown in Figure 2, each shape change corresponds to an
abrupt release of energy and a singularity in the stress-
strain curve. MD simulations showed that the presence
of intertube vdW interactions tends to weaken the CNT
bundles under compression.55 On the other hand, with
increasing the tube diameter, the bending modulus was
found to decrease sharply,56 as a rippling mode becomes
energetically favorable.57,58 The modeling on the wave-
like distortion indicated that there is a critical diame-
ter at a given load and a CNT length, for the emer-
gence of the rippling mode.59 It was also found that thick
MWCNTs very prone to develop rippling deformations
in bending and twisting, governed by the interplay of
strain energy relaxation and intertube interactions.58,60
Figure 3 shows experimental observations partially col-
lapsed segments in freestanding and twisted MWCNTs
with TEM.54
III. INTERLAYER AND INTERTUBE INTERACTIONS
A. Sliding between MWCNT shells
Different from SWCNTs, the inter-layer interactions
in MWCNTs exhibit interesting sliding phenomena dur-
ing the tensile stretching and self-oscillation. By mod-
eling of the inter-layer interaction with different atomic
potentials, such as the classic Lennard-Jones (LJ) poten-
tial and the registry-dependent Kolmogorov-Crespi (KC)
potential (zeroth generation RDP061 and first genera-
tion RPD162), could cause significantly different energy
corrugation between graphitic layers.62–65 Nevertheless,
the inter-layer sliding has been systematically studied de-
spite the type of atomic potential. Experiments have also
shown the inter-layer sliding and superlubricity of CNTs.
Experimental measurements on the dependence the
sliding force against the contact length between the
MWCNT shells suggested several responsible sources in-
cluding the surface tension, the shear elastic force, and
the edge (tube termination) effect force.66 The shear
strength was found to be 0.08–0.3 MPa depending on
the inter-layer commensurability. After the inner shells
were pulled out from the outer shells, spontaneous re-
traction was observed with TEM due to the attractive
vdW forces between these shells.67 The inter-layer static
and dynamic shear strengths were estimated to be 0.43–
0.66 MPa. The telescoping motion of an MWCNT also
showed an ultralow friction, below 1.4 × 10−15 N per
atom (8.7 × 10−4 meV A˚−1).68 More direct observation
of the superlubricity in double-walled CNTs (DWCNTs)
was conducted by extracting the inner shell out from a
centimetres-long DWCNT, where the inner-shell friction
(vdW force) was estimated to be 1.37–1.64 nN (the to-
tal number of atoms was unknown, yet could be over
108–109 for a tube length of 1 cm),69 corresponding to a
friction force of about 10−6–10−5 meV A˚
−1
per atom. By
following the low-friction induced telescoping, gigahertz
oscillators were theoretically proposed based on the os-
cillatory extrusion and retraction of the inner shells,70–77
and the inter-layer commensurability determines the rate
of energy dissipation during the oscillation.71 The friction
force between oscillatory layers was estimated to range
from 10−17 to 10−14 N per atom, about 6 × 10−6–0.006
meV A˚
−1
.73 Similarly, the rotation between CNT shells
and the rotational friction were observed or measured
by experiments and simulations.78–81 The rotational fric-
tion is a broadband phenomenon, as it does not depend
strongly on a specific vibrational mode, but rather ap-
pears to occur from the aggregate interactions of many
modes at different frequencies.82
At high sliding speeds, the friction between CNT lay-
ers was not hydrodynamical, in fact not even monotonic
with the sliding speed.83 A high speed can develop a
sharp friction peak and onset parametric excitation of
CNT’s “breathing” phonon modes. Figure 4a shows that
there is a massive increase in sliding friction at a speed of
∼1100 m s−1 for a (5,5)@(10,10) DWCNT. The highest
friction force could be up to 170 pN, corresponding to
∼0.15 meV A˚−1 per inner tube atom. The main source
of the inter-layer friction was believed to be the inner
nanotube terminations,85 while the “bulk” friction was
unfortunately considered to be irrelevant.
To understand the “bulk” frictional behavior, two
groups of studies were carried out:65,84,86 pulling simu-
lations where a constant external force was applied on
each atom of the inner tube along the tube axis, and
rigid sliding simulations where the inner tube was con-
strained to slide as a whole at a fixed speed. The pulling
simulation revealed a static friction (depinning) force of
0.02 meV A˚
−1
at 300 K and 0.1 meV A˚
−1
at 50 K for the
(5,5)@(10,10) DWCNT. After the depinning, the speed
of the inner tube jumps directly to plateaus. Three speed
plateaus are seen at v ≈ 450, 720, and 780 m s−1. This
phenomenon is ubiquitous as it is also observed for an
4FIG. 4. (a) There is a massive increase in friction at ∼1100
m s−1 for the (5,5)@(10,10) DWCNT.83 (b) The centre-of-
mass angular momentum JCM (top) and the sliding frictional
force per inner tube atom (bottom) as functions of the sliding
speed.84 A, B and C are three resonance regions related the
giant friction forces.
incommensurate case where a chiral (11,2) tube slides
inside a (12,12). The general occurrence of plateaus
and jumps is a natural consequence of frictional peaks
for growing the speed. Figure 4b shows sharp frictional
peaks near v ≈ 450, 570, 720, and an important threshold
onset near 780 m s−1. These peaks are known to gener-
ally arise out of parametric excitation of the “breathing”
phonon modes, classified by an angular momentum in-
dex n (for tangential quantization around the tube axis).
Such nonmonotonic force-speed characteristics implies a
“negative differential friction”, whereby an increasing ap-
plied force yields an inner tube sliding speed that grows
by jumps and plateaus, rather than smoothly.
The surprise comes from analyzing the two parts of an-
gular momentum J = JCM+Jpseudo around the tube axis
such as its center-of-mass (rigid body rotation with angu-
lar velocity ω) and shape-rotation (“pseudorotational”)
parts.65,84 Generally, zero at generic sliding speed due to
lack of nanotube chirality, Jpseudo = −JCM = 0, Jpseudo
jumps to nonzero values at the frictional peaks and past
the threshold, where Jpseudo = −JCM 6= 0, see Figure 4b.
This is a spontaneous breaking of chiral symmetry occur-
ring in nanoscale friction, whose mechanism is from the
third- and fourth-order energy nonlinearities. The inner-
tube sliding causes a washboard frequency due to the
lattice periodicity aCC = 2.46 A˚. At the critical frequen-
cies, the ‘n = 5’ or ‘2 + 3 = 5’ excitations are observed,
where the DWCNT’s n = 5 mode is resonantly excited
or the n = 2, 3, 5 modes are jointly excited by the simple
matching condition 2 + 3 = 5. Besides these “normal”
excitations (labelled A in Figure 4b), there are ‘n = 5s’
and ‘2 + 3s = 5’ excitations, where the 3s and 5s are
the single outer tube’s phonon modes. These excitations
are labelled B in Figure 4b. The two C-peaks in Figure
4b are ascribed to the phenomenon of strong stick-slip
frictions, possibly related to the phonon modes along the
tube axis.
B. Intertube friction
In most of the cases, individual CNTs are bundled to-
gether as a CNT rope, owing to the strong aggregation
tendency between adjacent CNTs. As mentioned above,
experimental measurement showed a tensile strength just
up to 13–52 GPa,19 far below the ideal strength for indi-
vidual CNTs. The easy sliding between adjacent CNTs
has become a severe problem hindering their engineer-
ing applications. For example, slip rather than break-
age of individual CNTs was observed in the fracture
test of polymers reinforced by CNT bundles.87 As CNTs
can contact with each other in parallel way or at a cer-
tain cross angles, the interfacial shear strengths between
CNTs should be discussed separately.
The static and kinetic frictions between two perpen-
dicular CNTs were investigated experimentally. A coef-
ficient of friction of 0.006±0.003 was obtained by sliding
an MWCNT perpendicularly on an SWCNT surface, and
the shear strength was derived to be 4±1 MPa.88 The
shear strength was one to two orders of magnitude larger
than the inter-shell shear strength of 0.05 MPa for MWC-
NTs in vacuum, possibly due to the presence of water at
the intertube interface in ambient. A following experi-
ment, namely a vertical friction loop measurement, was
proposed to characterize the adhesion and friction prop-
erties between CNTs.89 An MWCNT tip was ramped in
the vertical direction against a suspended SWCNT. Dur-
ing ramping, a stick-slip motion was found to dominate
the sliding, attributed to the presence of defect-induced
or amorphous-carbon-associated high energy points on
the tip surface. Surprisingly, the coefficients of static
friction and shear strength were finally evaluated to be
about 0.2 and 1.4 GPa, respectively.
MD simulations showed that the sliding behaviors and
interfacial shear strengths between two crossly contact-
ing CNTs are much more complicated than the frictions
between CNTs and graphite, graphite and graphite, and
the inner and outer shells of MWCNTs.90 The simulation
was performed on two SWCNTs in contact at different
cross angles. For the parallel contact, the axial interfacial
shear strengths between the zigzag-zigzag (∼0.25 GPa)
and armchair-armchair pairs (∼0.5 GPa) are two orders
of magnitude larger than those of CNTs having different
chirality (0.5–1 MPa). CNTs with diameters larger than
1 nm will slide relatively from an AB stacking position
to the next nearest AB stacking position while smaller
ones do not slide through AB stacking positions. For two
cross contacting CNTs, the magnitude of interfacial shear
strength is much less dependent upon tube chirality. The
highest value of shear strength was reported to be about
5FIG. 5. (a) Change in cross section at the mid-length of
a SWCNT bundle with increasing the twist level and (b)
the corresponding load transfer ability as a function of twist
angle.63
1 GPa in SWCNT bundles, however, still as quite low
as to be improved for applications in high-performance
composite materials.91
C. Strategies to improve the intertube load transfer
A molecular mechanics modeling showed that in order
to make the strength of a CNT bundle as high as that of
the lowest value of individual CNTs (11 GPa), the con-
tact length should be up to ∼3800 nm, by assuming the
CNTs are bundled together without changing their cir-
cular cross sections.63 With considering the vdW-force-
induced radial deformation,32 the intertube distance-of-
closest changes from 3.34 to 3.25 A˚ for (10,10) CNT
bundles, the required contact distance for 11 GPa can
decrease to ∼1300 nm. This implies that the key to im-
prove the intertube load transfer is the interface design
between CNTs.
Twist is an effective way to induce strong radial de-
formation for CNT bundles. Figure 5a shows the cross
sections obtained from MD simulations with increasing
the twist level and Figure 5b shows the corresponding
transferred load due to the shape deformation at twist
angles of 0, 30, 60, 90, 120, 150, 180, and 210◦.63It was
observed that the individual CNTs start to collapse in
the cross section, and therefore, more atoms are in close
contact. For the case of no twist, a force of only ∼0.048
eV A˚
−1
is transferred to the center tube, while at 120◦
the transferred load increases to 1.63 eV A˚
−1
. Clearly,
the radial deformation strongly depends on the twist an-
gle, which consequently changes the nature of the contact
and contributes to a new inter-layer tribology.
Even a slight structural deformation could cause an
improved load transfer. For example, when a DWCNT
was slightly bent into a curved one, the energy transfer
between the two tubes becomes much faster than that
between two straight tubes.81 Slight displacement of the
inner-tube could add a large degree of disturbance to the
DWCNT’s original state of equilibrium, and thus present
strong inertia to oppose the extraction process, indicating
the importance of the inner tube as structural support for
the outer tube.92
FIG. 6. The intertube friction force can be increased by a
factor of 1.5–4, depending on tube chirality and radius, when
all tubes collapse above a critical pressure and when the bun-
dle remains collapsed with unloading down to atmospheric
pressure.51
Pressure-induced structural phase transition could be
a new strategy to improve the intertube load transfer.51
For a CNT bundle containing 16 (23,0) SWCNTs, the in-
tertube static friction can be improved from 0.1 meV A˚
−1
per atom to 0.4–0.45 meV A˚
−1
after all the tubes collapse
under pressure higher than 0.5 GPa, see Figure 6. Due
to the large tube diameter, the collapsed CNT structure
can be well maintained even by unloading the pressure
down to 0.05 GPa. In order to realize a 10 GPa ten-
sile strength, the minimum tube length should be just
167 nm, much smaller than the length of 1090 nm before
the phase transition. For a CNT bundle containing to-
tally different tube chirality, the dynamic friction force
can be improved from 0.0017 to 0.0026 meV A˚
−1
after
the phase transition. Such study also indicated that few-
walled large-diameter CNTs could be very important for
engineering applications due to the easy ability to induce
the collapse phase transition.
Covalent bonding between the shells in MWCNTs
or between adjacent CNTs can increase the inter-
layer and intertube shear strength by several orders of
magnitude.93–95 The covalent inter-shell bonds can be
formed due to the on-shell vacancies or inter-shell in-
terstitials. According to the types of defect, the force
needed to initiate sliding of the shells varies from 0.08–
0.4 nN for a single vacancy to 3.8–7.8 nN for two vacan-
cies, an inter-shell interstitial, and an inter-shell dimer.93
Therefore, small-dose electron or ion irradiations are sug-
gested to partially transfer the load to the nanotube in-
ner shells. MD simulations revealed that inter-wall sp3
bonds and interstitial carbon atoms can increase load
transfer between DWCNT walls and that inter-wall sp3
bonds are the most effective.95 Similarly, by using moder-
ate electron-beam irradiation inside a TEM, stable links
between adjacent CNTs within bundles were covalently
formed.94 At a high irradiation energy of 200 keV, there
was a substantial increase in effective bending modulus
and thus an increase in shear modulus for low doses, while
6FIG. 7. Behaviour of bending modulus as a function of re-
ceived dose for two incident electron energies.94 For 200 keV,
the modulus increases on short exposures, due to crosslinking
and degrades at higher exposures because of structural dam-
age. The bundle irradiated with 80-keV electrons shows a
much stronger and sharper increase of the bending modulus.
a long irradiation time rather damaged the well-ordered
structure of tubes (Figure 7). At 80 keV, electrons were
shown not to damage isolated CNTs but had enough en-
ergy to lead to the formation of mobile interstitial atoms
in the confined space between adjacent CNTs. As a re-
sult of the newly formed covalent bonds, a huge increase
of the bending modulus by a factor of thirty were ob-
served (Figure 7). However, a long-time dose at low en-
ergies could still cause the accumulation of damage to the
structure, making the mechanical performance decrease
eventually.
Even without introducing covalent bonding between
the sp2 layers, the existence of structural defects in either
CNT layer could lead to a sharp increase in friction and
energy dissipation rate.64
However, besides the tube structure, defect level, and
intertube contact, there are many other issues in macro-
scopic CNT assembly materials. For example, the CNT
packing density, alignment, entanglement, aggregation
size, and surface functionalization could be important
structural parameters, as to be discussed below.
IV. CARBON NANOTUBE ASSEMBLY MATERIALS
So far, CNT fibers, films, forests, and gels are well-
known and typical macroscopic assembly materials where
the CNTs are the main constituents, especially at a mass
fraction much more than 50%.10 For example, CNT fiber
is a one-dimensional assembly containing millions of indi-
vidual tubes.9,11–13,15 It has been found that CNT fibers
could have much higher specific modulus and specific
strength than those of commercial carbon and polymeric
fibers. For the composite materials, there have been two
different applications of CNTs such as a dispersion-based
fabrication by using CNTs as reinforcing fillers in a poly-
mer matrix96,97 and an assembly-based fabrication by di-
rectly assembling CNTs into composites.14 In the former,
the CNT content is strongly limited to be no larger than
∼5 wt%, while in the latter, a small amount of polymer
molecules (about 20–30 wt%) are used to strengthen the
interfaces between CNTs. To describe these macroscopic
CNT materials, different structural parameters are pro-
posed and investigated in the past decade.
A. CNT fibers
CNT fiber can be produced by the coagulation-
based “wet spinning”,98–101 the “direct spinning” from a
CNT aerogel102–104 or similarly from a pre-formed CNT
film,105 and the “forest spinning” based on vertically
aligned CNT forests.106–108 A CNT fiber with a diam-
eter of ∼10 µm usually contains more than 106 individ-
ual CNTs. Such assembly feature is different from those
well-known fibers for many years, which are usually a
solid structure without internal interfaces. CNT fiber can
also be considered a continuous length of interlocked “fil-
aments” (CNT bundles), where the bundles are formed
during the CNT growth rather than in the spinning pro-
cess. As I have pointed out recently,109 although also
being called as CNT yarn, CNT fiber is indeed not a
yarn because the CNT bundles are not macroscopically
processable. On the contrary, the basic components of a
yarn, the long and parallel or interlocked filaments, are
usually processable objects with a width larger than sev-
eral micrometers.110
Twist is the most fundamental treatment to make the
CNTs assembled into a continuous fiber with a circular
cross section. The as-spun fiber is relatively loose with
noticeable spaces between CNTs or CNT bundles when
the twist angle is small. Increasing the twist angle is
an effective method to densify CNT fibers, and thus im-
proves the friction coefficient between the CNTs. Figure
8 shows the strength-twist relationship for different CNT
fibers.111–113 All studies showed that the highest fiber
strength was found at a twist angle of 15–20◦. However,
with further increasing the twist, the load (upon stretch-
ing) compresses the fiber rather than acts totally along
the fiber axis due to the twist angle between the CNTs
and the axis, making the utilization efficiency decreases
at high twist angles. The experimental observations that
the strength initially increases with twist angle and then
decreases are almost the same as those in traditional tex-
tile yarns. Nevertheless, the constituent CNTs are differ-
ent from the filaments in a textile yarn; the CNTs are
hollow cylinders and can deform the cross section under
pressure due to a structural phase transition.44–49 For
those fibers spun from few-walled CNTs (wall numbers
smaller than 6), it can be seen that beyond the optimal
twist angle, an additional strength peak is at large twist
angle of 27–30◦. This second peak arises from the col-
7FIG. 8. (a) Double-peak strength behavior of CNT fibers with increasing twist angles.111 The surface twist angle (θs) depends
on the twisting and drawing speeds (vt and vd) by θs = arccos[(vd/vt)/
√
(pidf)2 + (vd/vt)2], where df is the fiber diameter and
was >10.5 µm. (b) Dependence of yarn tensile strength on helix angle for forest-spun MWCNT fibers.112 The fiber diameter
was ∼20 µm. (c) Relationship between the fiber’s specific strength or tenacity with the surface twist angle.113
FIG. 9. (a) Stress-strain curves of dry-spun, ethanol-densified, ethylene-glycol-densified, PI-reinforced, and BMI-reinforced
CNT fibers.118 (b) Stress-strain curves of PEI-catechol-reinforced CNT fibers, including one after addition of Fe(III).122 (c)
Stress-strain curves of as-drawn CNT fiber, CNT/PDA fiber, and CNT/(pyrolyzed PDA) fiber.123
lapse transformation of the CNT hollow structure, which
renders the CNT bundles much stronger and reduces the
bundle cross-sectional area.
Solvent densification is another interfacial treatment
to CNT assemblies, due to a large capillary force.114,115
Therefore, liquid infiltration by using water, ethanol,
acetone or dimethyl sulphoxide (DMSO) is also often
used in the method of array spinning to densify CNT
fibers.116–119 Although the densification process does not
improve nanotube orientation, it enhances the load trans-
fer between the nanotubes, thus ensuring that most of
them are fully load-bearing. For example, the fiber di-
ameter was shrunk from 11.5 to 9.7 µm after acetone
shrinking.117 However, the role of solvent is hardly known
as the capillary force can be influenced by the solvents
volatility (boiling point), surface tension, and interaction
with CNT surfaces. By comparing various solvents in-
cluding the nonpolar solvents of n-hexane, cyclohexane,
cyclohexene, toluene, and styrene, polar protic solvents
of glycerine, methanol, ethanol, water, ethylene glycol,
and 1,3-propanediol, and polar aprotic solvents of ethyl
acetate, acetone, acetonitrile, N ,N -dimethylformamide
(DMF), DMSO, and N -methyl-2-pyrrolidone (NMP),
only few highly polar solvents show high densifying abil-
ity to CNTs, namely DMF, DMSO, NMP and ethy-
lene glycol, despite of their high boiling points and low
evaporation rates.118 These solvents increased the fiber
strength from 864 MPa (dry-spun) or 1.19 GPa (ethanol)
to 1.14–1.35 GPa (DMF, DMSO, NMP) or 1.33–1.58 GPa
(ethylene glycol). Clearly, the solvent polarity shows a
key role in determining the capillary, as the polarity in-
duced attractive binding energy with CNT (Eind) goes
up quadratically with the solvent’s local dipole moment
µ, by Eind = −µ2α/(4pi0)2r6, where α is the static po-
larizability of CNT, 0 is the vacuum permittivity, and r
is the distance between the dipole moment and the CNT
surface.120,121
In addition to twisting and liquid densification,
polymer impregnation is another effective treatment
to enhance the mechanical properties of CNT fibers.
The polymers are introduced to bridge nonneighbor-
ing CNTs, such as polyethyleneimine (PEI),122 poly-
dopamine (PDA)123 polyvinyl alcohol (PVA),105,118,124
polyacrylate,125 polyvinylidene fluoride (PVDF),126
epoxy,105 polyimide (PI),118,127 and bismaleimide
(BMI).118,128 Figure 9 shows several typical stress-strain
curves for polymer-reinforced CNT fibers, such as PI,
BMI, PEI, and PDA.118,122,123 The enhanced mechan-
ical properties of CNT fibers with polymer impreg-
nation are attributed to couplings between the CNT
network and polymer chains occurring at the molecu-
lar level. As a result, the sliding between CNTs can
be remarkably hindered by the polymer network, espe-
cially that formed by the cured thermosetting polymers.
Therefore, more external strain can be transferred to
the CNTs as shown in Figure 10, where the Raman
peaks of CNTs down-shift to a lower wavenumber by
different values under axial strains.105 Both PVA and
8FIG. 10. Variations of Raman spectra under strain in different
systems.105 (a) Typical G’ band Raman spectra of epoxy-
and PVA-infiltrated CNT fibers. (b) Downshifts of the peak
position in different systems.
epoxy enhanced the down-shifts, corresponding to the
improved load transfer between CNTs. The cured ther-
mosetting polymer network also shows advantages in im-
proving the fiber modulus, as indicated by the largest
change in G’-peak wavelength. Similarly, PI and BMI
are other efficient thermosetting polymers for produc-
ing high-modulus CNT fibers.118,127,128 However, other
polymers might be good at improving the fiber’s strecha-
bility and toughness by preventing the sliding-induced
fiber fracture, possibly due to the polymer wrapping
around the CNT connections,126 cooperative deforma-
tion mechanisms of the soft and hard segments,125 iron-
mediated covalent cross-linking,122 or cross-linked poly-
meric binders.123
The structure of CNT fiber is hierarchical, with
CNTs self-assembling into bundles and the bundles form-
ing an aligned network in the fiber.129,130 Other as-
sembly parameters also include the tube waviness or
straightness,131 which can also result in different elas-
ticity and modulus for CNT fibers. Notice that, the
above mechanical improvements are irrelevant to the mi-
cro structure of individual CNTs but are relevant to
the macroscopic assembly parameters. From the point
of view of tube structure, few-walled CNTs have shown
advantages in producing high-performance fibers, rather
than the ideal SWCNTs.131 For the SWCNTs, usually
1–1.5 nm in diameter, simulations and experiments have
shown that a certain high pressure (hundreds of MPa) is
necessary to introduce even a slight deformation of their
cross sections. That means, the intertube contact area
is far limited compared with the overall circumference
of the cross section. While for the few-walled tubes, the
tube diameter can be large up to ≥5 nm, making it much
easy to deform the cross section and increase the contact
area. Experiments even have shown, upon certain twist-
ing and/or tensioning, collapse of few-walled tubes were
possibly introduced.111,132
Furthermore, covalent interface engineering could
an efficient post-treatment for the as-produced CNT
fibers. Acid treatment could introduce rich hydroxyl,
methyl/methylene, and carbonyl groups onto CNT sur-
faces, which also made CNT fibers shrunk slightly, or
FIG. 11. Stress-strain curves for CNT films obtained by
a stretch-dip-drying method (a)135 and a micro-combing
method (b).136 The films treated with acetone (ADD) and
ethanol (EDD) were much stronger than the as-spun and
spray-wound (SW) films. The films after micro-combing had
a larger Young’s modulus than the ADD and EDD films.
more densified. Such treatment enhanced the load trans-
fer between CNTs, according to a theoretical study,94
and thus resulted in an increase in fiber strength and
modulus.133 Recently, by using an incandescent tension
annealing process (ITAP), where the current-induced
Joule heating increase the temperature of CNT fiber up
to 2000 ◦C in vacuum, sp3 covalent bonding was observed
in CNT fibers.134 As a result, the fiber modulus could be
improved from 37 to 170 GPa, once the ITAP was per-
formed with maintaining a high tension on the fiber.
In order to further improve the utilization efficiency
of the individual CNT’s mechanical properties in CNT
fibers, more effort should be paid to the delicate combin-
ing of the choice of CNT structure, controlling in CNT
packing density, alignment, and straightness, and inter-
tube mechanics engineering by polymers or covalent func-
tionalization.
B. CNT films
CNT films are another important macroscopic material
with high mechanical performances. Various processing
methods have been developed to produce CNT films by
using pre-formed CNT assemblies, among which these
two methods are of great importance: the layer-by-layer
stacking of aligned CNT sheets and the stretching on en-
tangled CNT webs.14 Despite of the fabrication methods,
there are also many common problems concerning with
the interface mechanics, as the CNT fibers do.
For instance, liquid densification is widely used to
CNT films,135–137 and polymer impregnation can remark-
ably improve the interfacial load transfer.138–143 Different
from CNT fibers where the tubes are assembled with the
aid of twisting, there is more freedom to tune the as-
sembly structure. The CNTs can be got super-aligned
by stretching the films in a wet environment,135 or by
micro-combing before they are layer-by-layer stacked.136
After improving the CNT alignment, the pure CNT films
could be as strong as 3.2 GPa in tensile strength, with a
Young’s modulus of 124–172 GPa.135,136 Figure 11 shows
the stress-strain curves for the CNT films being both
9FIG. 12. Comparison of CNT assembly structure for different
films.143 (a,b) CNT aggregation in the layer-by-layer stack-
ing of array-drawn CNT sheets and the stretched dry films
composed by entangled CNTs, respectively. (c) The small-
sized CNT bundles did not aggregate but were surrounded
by BMI polymers and uniformly distributed. (d,e) 750 ◦C
treated CNT/BMI composite films where the stretching was
performed before and after resin impregnation, respectively,
showing the aggregation and unaggregation. (f) Cross sec-
tion of the optimal CNT/BMI composite structure by using
focused ion beam treatment, indicating an aggregation size of
20–50 nm for the CNTs.
densified and super-aligned. Once these aligned CNTs
were impregnated with polymers, especially thermoset-
ting polymers, the film’s strength and modulus could be
further improved. At a mass fraction of 50–55% for CNT,
the CNT/BMI composite films exhibited a strength of 3.8
GPa and a modulus of 293 GPa.139 Such superior proper-
ties are derived from the long length, high mass fraction,
good alignment and reduced waviness of the CNTs.
The stretching on entangled CNT webs is another way
to obtain highly aligned CNT films. With the aid of
BMI impregnation and curing, the strength and mod-
ulus of the CNT/BMI composite films could be im-
proved from 620 MPa and 47 GPa (un-stretched) to 1600
MPa and 122 GPa, 1800 MPa and 150 GPa, and 2088
MPa and 169 GPa after being stretched by 30, 35, and
40% respectively.140 By further introducing surface func-
tionalization for CNTs, the strength and modulus were
surprisingly improved up to 3081 MPa and 350 GPa,
respectively.141
However, the direct stacking of CNT sheets and
stretching on CNT webs could not avoid the CNT ag-
gregation due to the vdW interactions. As shown in Fig-
ure 12a and b, the aggregation size was up to hundreds of
nanometer.143 Such aggregation of nanometer-sized com-
ponents has become a severe problem in paving the way
to stronger materials.144 In the aggregation phase, the
intertube load transfer is not as efficient as at the CNT-
polymer interface. Thus, such aggregation phase be-
comes the weak parts in the composites and hinders fur-
ther reinforcement. In an ideal structure, the nanometer-
sized components should be uniformly distributed in the
matrix without forming any aggregation phases. There-
fore, all the interfaces can play roles in shear load trans-
fer. As inspired by the formation process of natural com-
posite structures, the BMI resins were infiltrated into
CNT webs before any stretching was performed. Since
the liquid treatment just densifies the CNT network with-
out inducing CNT aggregation, the impregnation before
stretching causes each CNT or CNT bundle uniformly
covered by a thin layer of polymers. Therefore, the fol-
lowing stretching could just align the CNTs but avoid
the aggregation due to the thin layer of polymer, result-
ing in an optimized composite structure. By adapting a
multistep stretching process, the final composite film ex-
hibited superior mechanical performances. The highest
tensile strength and modulus were up to 5.77–6.94 GPa
and 212–351 GPa at a CNT-to-resin mass ratio of 7:3
and a stretching magnitude of 34%.143
Figure 12c shows the morphology of the optimized
CNT/BMI composites, where the CNT bundles were
found to be uniformly distributed and aligned. To char-
acterize the aggregation of CNTs, thermal treatment
and focused ion beam treatment were used. After being
heated to 750 ◦C to decompose the polymers, the remain-
ing CNTs were found to be aggregated/unaggregated if
the stretching was performed before/after the polymer
impregnation, see Figure 12d and e. The direct observa-
tion of the cross section with focused ion beam treatment
showed an aggregation size of just 20–50 nm (Figure 12f),
a size for the bundling that was still difficult to avoid dur-
ing the growth process.
On the whole, for the macroscopic CNT assemblies,
the interface mechanics becomes much more complicated
as the material exhibits a collective dynamics from the
constituent CNTs. Assembly parameters, including CNT
packing density, alignment and/or entanglement, twist-
ing level, cross-linking, and aggregation size, are found
to be critical for the mechanical properties. By control-
ling the interface mechanics in the CNT assemblies, we
can not only optimize the mechanical properties, but also
introduce multifunctionalities, as discussed below.
C. Multifunctionalization by interface engineering
Besides load transfer at the intertube interfaces, energy
dissipation is also a common interfacial phenomenon. As
CNT fiber is formed by assembling millions of individ-
ual tubes, the assembly features provide the fiber with
rich interface structures and various ways of energy dis-
sipation, including the internal viscosity and intertube
friction.109 Therefore, a modified Kelvin-Voigt model was
adopted, where an elastic spring K, a viscous damping
coefficient η, and an intertube friction f are connected
in parallel.145 Due to the friction, there exists a friction-
dependent component in loss tangent, which is not de-
pendent on the frequency. As shown in Figure 13, the
loss tangent was nonzero (about 0.045) for the dry-spun
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FIG. 13. The frequency dependence of loss tangent for the
dry-spun CNT fiber, ethylene-glycol-densified CNT fiber, and
T300 carbon fiber.109
CNT fibers, while that for the T300 carbon fiber was
nearly zero due to the absence of interfaces. When the
CNT fibers were densified by ethylene glycol, the CNTs
became constrained, corresponding to reduced loss tan-
gents, see Figure 13. Based on the friction-based Kelvin-
Voigt model, the damping performance of CNT fibers
can be tuned in a very wide range. The introduction of
thermosetting polymers further decreases the loss tan-
gent, while plying CNT fibers into a yarn increases the
loss tangent.109
The CNT entanglement provides another way to en-
hance the damping ability.146 The as-produced CNT
films based on an injection chemical vapor deposition
exhibited a loss tangent of 0.37–0.42 at 200 Hz,146 or
0.2 at 50 Hz.143 After the network was stretched and
strengthened with BMI, the loss tangent could decrease
remarkably down to about 0.05 at 50 Hz.143
When an electric current is passing through CNT as-
semblies, there exist parallel currents along the aligned
CNTs. The collective electromagnetic force between par-
allel currents can cause a volume contraction for the
assembly.147 Based on such mechanism, CNT fibers can
be developed as electro-mechanical actuator. Detailed
study revealed that the electro-mechanical coupling is
quite complicated beyond the actuation.128 For exam-
ple, when a current passes through a CNT fiber, the
fiber’s modulus could decrease remarkably due to the
current-induced weakening in C−C σ bond. Besides the
electro-mechanical coupling, the current could induce a
strong Joule heating, making the fiber temperature in-
crease very sharply. Such electro-thermal coupling can
be used for fast curing to the impregnated thermosetting
resins at a moderate temperature of 200–300 ◦C,128 or
for the formation of intertube sp3 covalent bonding at a
high temperature of 2000 ◦C in vacuum.134
V. CONCLUSION
The control of interface mechanics is a key strategy
to develop high-performance CNT assembly structures.
High tensile properties (strength up to 3–6 GPa and mod-
ulus up to 200–350 GPa) can be obtained for aligned
CNT fibers and films, corresponding to an improved uti-
lization efficiency of CNT’s mechanical properties. Fur-
thermore, the dynamical performance and multifunction-
alities both depend strongly on the interface between
CNTs, also in terms of CNT packing density, alignment,
entanglement, twisting level, cross-linking, and aggrega-
tion size. For future development of high-performance
CNT assembly materials, more delicate design on the
multi-scale interfaces is required. I hope this review could
cast lights for the interface design ranging widely from
the nanometer scale to the macroscopic scale.
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